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Abstract

Quantifying carbon dioxide exchange and understanding the response of key environmen-
tal factors in various ecosystems are critical to understanding regional carbon budgets and
ecosystem behaviors. For this study, CO, fluxes were measured in a variety of ecosystems
with an eddy covariance observation matrix between June 2012 and September 2012 in the
Zhangye oasis area of Northwest China. The results show distinct diurnal variations in the
CO, fluxes in vegetable field, orchard, wetland, and maize cropland. Diurnal variations of
CO, fluxes were not obvious, and their values approached zero in the sandy desert, desert
steppe, and Gobi ecosystems. Additionally, daily variations in the Gross Primary Production
(GPP), Ecosystem Respiration (Reco) and Net Ecosystem Exchange (NEE) were not obvi-
ous in the sandy desert, desert steppe, and Gobi ecosystems. In contrast, the distributions
of the GPP, Reco, and NEE show significant daily variations, that are closely related to the
development of vegetation in the maize, wetland, orchard, and vegetable field ecosystems.
All of the ecosystems are characterized by their carbon absorption during the observation
period. The ability to absorb CO, differed significantly among the tested ecosystems. We
also used the Michaelis-Menten equation and exponential curve fitting methods to analyze
the impact of Photosynthetically Active Radiation (PAR) on the daytime CO, flux and impact
of air temperature on R, at night. The results show that PAR is the dominant factor in con-
trolling photosynthesis with limited solar radiation, and daytime CO, assimilation increases
rapidly with PAR. Additionally, the carbon assimilation rate was found to increase slowly
with high solar radiation. The light response parameters changed with each growth stage
for all of the vegetation types, and higher light response values were observed during
months or stages when the plants grew quickly. Light saturation points are different for dif-
ferent species. Nighttime R, increases exponentially with air temperature. High Q4 val-
ues were observed when the vegetation coverage was relatively low, and low Q4 values
occurred when the vegetables grew vigorously.
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Introduction

Net Ecosystem Exchange (NEE) is the net change in carbon stored in an ecosystem caused by
photosynthesis, carbon storage in the canopy air as well as biological and non-biological respi-
rations that lead to carbon emissions [1].The interplay between these processes leads to carbon
balance in an ecosystem. Every year, approximately 14% of the carbon in the atmosphere is ex-
changed with the terrestrial biosphere [2, 3]. Knowledge of the regional carbon budget and
how it changes over time is critical for understanding the mechanisms that control the global
terrestrial carbon cycle and the sustainability of current carbon sinks. It is evident that different
terrestrial surfaces contribute to regional carbon budgets differently due to the heterogeneity of
the ecosystems [4]. Arid and semi-arid landscapes cover more than one-third of China [5].
However, the land surface-atmosphere carbon flux processes in arid areas have received much
less attention compared to other regions [6-8]. Currently, the most common method for mea-
suring carbon flux is the eddy covariance (EC) technique, which provides a reliable and non-
destructive approach to measure the NEE directly in an ecosystem [6]. This method has been
widely used in various terrestrial ecosystems, including temperate coniferous and boreal for-
ests, crops, grasslands, chaparrals, wetlands, and tundras [9, 10].

The Heihe River basin is located in northwest China and is an arid area that is sensitive to
climate changes. The region is important with respect to land-atmosphere interactions because
of its unique energy budget and quickening aridification and desertification [11, 12]. A study
and comparison of the CO, flux and environmental responses in various ecosystems in this
area will help us better understand carbon cycle in arid regions and the impact of human activi-
ty on it.

To recognize the processes and mechanisms of the eco-hydrological system in Heihe River
basin, the Heihe Plan has been carried out since 2010 to integrate observation, data manage-
ment, and model simulation of both the physical and socioeconomic processes [13]. Heihe Wa-
tershed Allied Telemetry Experimental Research (HIWATER) program was designed as a
comprehensive eco-hydrological experiment within the framework of the Heihe Plan; it is
based on the diverse needs of interdisciplinary studies within the plan and the existing observa-
tional infrastructures in the Heihe River basin [13]. The MultiScale Observation Experiment
on Evapotranspiration over heterogeneous land surfaces is a thematic experiment in
HiWATER (HIWATER-MUSOEXE), which was conducted from June 2012 to September
2012 in the middle reach of the Heihe River basin, and involved a flux observation matrix.
HiWATER-MUSOEXE is composed of two nested matrices: one large experimental area
(30 km x 30 km) and one kernel experimental area (5.5 km x 5.5 km). The large experimental
area contained one superstation in the oasis cropland and four ordinary stations around the
oasis with sandy desert, desert steppe, Gobi, and wetland surfaces. The 5.5 km x 5.5 km kernel
experimental area was located in the oasis and contained one vegetable field, one orchard, one
village and 14 maize ordinary stations (Fig. 1B). The difference between a superstation and or-
dinary station is the meteorological profile (i.e., 7 layer wind speed/direction and air tempera-
ture/humidity) and more observations (i.e., 2 layers of EC) were taken at the superstation.
Opverall, 22 EC system sets and 21 automatic weather station sets were involved in the experi-
ment (there were 2 ECs installed at the superstation at different heights) (Fig. 1B).

The objectives of the study were to (1) compare the characteristics of diurnal and daily vari-
ations in the CO, flux across different ecosystems; (2) quantify the CO, flux using metrics, in-
cluding the gross primary production (GPP), ecosystem respiration (R,.,), and NEE metrics;
and (3) analyze the primary factors that control diurnal and daily variations in CO, exchanges
in the middle reach of the Heihe River basin.
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Fig 1. The distribution of the eddy covariance in different ecosystems.

doi:10.1371/journal.pone.0120660.g001

Methods

Ethics statement

Our experiments were associated with the HHWATER-MUSOEXE. We used seven sites to con-
duct our study, which encompassed a vegetable field, orchard, wetland, Gobi, sandy desert, des-
ert steppe and a maize cropland. No specific permissions were required to our sites. The
studied areas did not involve endangered or protected species. The specific locations of our
study are as follows: Vegetable field (100.35816 E, 38.89322 N), Orchard (100.36974 E,
38.84512 N), Maize cropland (100.37225 E, 38.85557 N), Gobi (100.30420 E, 38.91496 N),
Sandy desert (100.49330 E, 38.78917 N), Desert steppe (100.31860 E, 38.76519 N), Wetland
(100.44640 E, 38.97514 N).

Sites description

The study area, Zhangye oasis irrigation area, is located in Gansu province, northwest China,
which is in the middle of the Hexi Corridor (Fig. 1A). The Heihe River runs through the entire
territory, forming a unique desert oasis (Fig. 1A). The annual mean air temperature is approxi-
mately 6°C, and the warmest month is July. The annual mean precipitation is approximately
114.9 mm; more than 70% of this precipitation is accumulated during the growing season from
June to September. The annual frost-free period lasts approximately 169 days [14].

The Zhangye oasis irrigation area is surrounded by sandy desert, wetland, Gobi and desert
steppe ecosystems and is a typical irrigated agricultural area [13]. Fig. 1A shows the location of
the focus area for this study. Seven sites, with orchard, vegetable field, wetland, desert steppe,
Gobi, sandy desert, and maize surfaces, were included in this study. Fig. 1B shows the surfaces
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at different sites. Each site is fairly open and flat and the fetch is approximately 100 m- 200 m
in all directions. The prevailing wind direction is northwesterly. The area of the orchard (EC lo-
cation) is approximately 53 hm? and consists mainly of planted apple trees. Chilies are the
main vegetable in the vegetable field, which has an area of 21.6 hm®. Phragmites australis are
the dominant species in the wetland, which has a total area of nearly 1733 hm”. The dominant
vegetation in the desert steppe is Salsola passerina, while in the Gobi, the vegetation is sparse
and dominated by Compositae and Salsola passerina. In contrast, there is slightly more vegeta-
tion in the sandy desert ecosystem, which is dominated by drought-tolerant vegetation, such
as Peganum harmala and Tribulus terrestris. Maize is the main crop in the irrigation area. The
superstation is located in a maize cropland field with an area of 200 hm*. During the studied
timeframe, irrigation occurred once a month in the orchard, vegetable field and maize
cropland.

Measurements and data acquisition

The fluxes of CO, were continuously measured using EC systems. The data used in the study
spanned from June 10 in 2012 to September 14 in 2012, except for in the wetland where the
data spanned from June 26 in 2012 to September 14 in 2012. The EC system used consists of a
three-dimensional sonic anemometer (CSAT-3/Gill, Campbell Scientific Instruments Inc.,
USA/Gill, UK) and an open-path infrared gas analyzer (LI-7500A, Licor Inc., USA), which
measure the three components of wind speed, sonic virtual temperature, and the concentra-
tions of water vapor and CO,. The data were recorded with a data logger (CR1000/CR3000/
CR5000, Campbell Scientific Instruments Inc.) and CF card at a frequency of 10 Hz. Air tem-
perature and relative humidity (HMP45C, Vaisala Inc., Helsinki, Finland) were measured 5
and 10 m above the ground. Photosynthetically Active Radiation (PAR) (LI-190SA, LI-COR
Inc.) was measured above the canopy at a height of 12 m. Rainfall was measured using a tipping
bucket rain gauge (TE525MM, Campbell Scientific Instruments Inc.). The soil temperature
(Campbell-107, Campbell Scientific Instruments Inc.) and volumetric soil water content (TRI-
MEEZ/IT, IMKO, Ettlingen, Germany) were measured at 0.02, 0.04, 0.10, 0.20, 0.40, 0.60 and
1.0 m depths in all plots. In the analysis, we use the soil temperature and water content mea-
surements from a depth of 0.04 m and the air temperature and relative humidity from a height
of 5 m. Because of the different vegetation conditions and instrument types, the heights of the
EC systems are not the same among the different ecosystems. The heights for the EC systems
were 7 m, 2.85 m, 3.8 m, 4.6 m, 4.6 m, 5.2 m, and 4.5 m in the orchard, desert steppe, vegetable
field, Gobi, sandy desert, wetland, and maize cropland ecosystems, respectively.

Data processing and gap filling

Post-processing calculations were performed using the Edire software package (http://www.
geos.ed.ac.uk/abs/research/micromet/EdiRe) and included outlier exclusion, time delay correc-
tions, density fluctuations, spectral loss, secondary coordinate rotation and sonic virtual tem-
perature conversion [15-18].

Due to the atmospheric stability of the weather and the physical constraints of the impact
apparatus, the data retained implausible points after this processing procedure. Therefore, we
used the following procedure to further process the data.

(1) Removed the data from one hour before and after rainy periods [19]. (2) Excluded the
negative data collected during the night [20, 21]. (3) Removed the data that were outside the in-
struments’ measurement range or outside the reasonable range of values [20, 21]. The range
for the different ecosystems was not the same. (4) Removed the data for which the friction ve-
locity (u) was less than the threshold friction velocity in night [20, 21]. The threshold friction
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velocity is different between the ecosystems, with 0.15 m-s~* for the orchard, 0.14 m-s™" for the
maize cropland, 0.13 m-s~" for the wetland and sandy desert, 0.10 m-s~" for the vegetable field,
Gobi and steppe desert.

NEE is calculated from the sum of the EC flux (F,) and the storage term (F). F; is the flux as-
sociated with the CO, stored in the layer below the level in which CO, flux measurements are
taken. The value of F; is obtained by integrating the change in CO, concentration in the air
layer up to the height of the EC [22]. Because the flux measurement systems were not high at
the studied sites, the storage term F; was usually smaller than F. and the daily values tended to
be zero, so F; is neglected in the calculation of NEE. GPP is the difference between the estimated
ecosystem respiration (R,,) and observed NEE:

GPP = R, — NEE 1

GPP (mg CO,-m *s™") represents CO, assimilated by photosynthesis and R,, (mg CO,-m s ™")
consists of respiratory CO, released from the soil and vegetation.

Nighttime NEE values are equal to R, because the GPP equals zero at night. Daytime esti-
mates of R,, were obtained from the nighttime NEE-temperature relationship. The relation-
ship between nighttime NEE and air temperature can be described by the Vant Hoff equation
(Eq. 2) [23],

Reco = ae'” 2

where a and b are regression parameters and T 'is the air temperature (°C). The temperature
sensitivity coefficient (Q,) was determined from the following equation:

Q](} — e][)b 3

Additionally, missing nighttime data were also estimated by an exponential regression,
using Eq. 2, of the measured nighttime R,., and air temperature. In this study, we used the air
temperature as the fitting parameter because it yielded better results (higher R values) than
the soil temperature.

There are five basic models used for describing the partial dependence of the NEE on the
PAR [24]. The Michaelis—Menten rectangular hyperbola model (Eq. 4) [25, 26] is typically
used.

P __PAR
NEE=R,_ — " 4
“ K+ PAR
where PAR (umol- m2s™") is the incident photosynthetically active radiation, P,,., (mg
CO,- m2s7") is the maximum CO, flux (with infinite light) and K,,, is the level of PAR at
which NEE is one half of P,,,,,. R.., (mg CO,- m2s7Y) is the average daytime respiration. The
apparent quantum yield (o) can be calculated as follows [27]:
Pmax
o =— 5
K

The missing or bad data for the daytime were gap-filled using the ‘look-up’ table method,
which is based on the empirical relationships created for each site between NEE, air tempera-
ture and incident PAR when meteorological data are available [19]. Previous studies have
shown that the daily change of CO, flux is associated to the temperature, soil moisture and veg-
etation phenology [28]. To make the gap-fill more rational, we interpolated the missing data by

PLOS ONE | DOI:10.1371/journal.pone.0120660 March 24, 2015 5/16



@’PLOS | ONE

Diurnal and Seasonal Variations in Carbon Flux in Ecosystems

the month in the orchard, wetland, and vegetable field ecosystems and by the growth stage in
the maize cropland. Four different growth stages were defined according to the maize phenolo-
gy: seeding stage (June 10-19), jointing stage (June 20-July 20), filling stage (July 21-August 5)
and mature stage (August 6-September 15). Considering that seven leaves were growing at the
beginning of our observation, it was understood that the seeding stage in our study did not in-
clude the prior period.

Results and Discussion
Diurnal variations in NEE

Based on the observations from the study period (i.e., June 10—September 14, and, in wetland,
June 26—September 14), the diurnal variations of NEE were calculated for different ecosys-
tems. Fig. 2 shows the diurnal variations of NEE for different ecosystems, which were calculated
using the average flux during the observation period (positive values represent CO, emissions;
negative values represent CO, absorption). As seen in Fig. 2, the diurnal variations in NEE
from the different ecosystems show a single peak. The values of NEE are negative in the day-
time and positive at nighttime, and the minimum value occurs around noon. The negative day-
time values of NEE indicate that CO,assimilation via photosynthesis is greater than CO,
release from the respiratory processes of ecosystems. During the nighttime, however, CO, is re-
leased to the atmosphere via respiratory processes in the soil and plants, and the NEE values
are then positive.

However, there were differences among the ecosystems. CO, absorption and emission in
sandy desert, desert steppe, and Gobi ecosystems were very weak, and the values were close to
zero, meaning the diurnal variations of NEE were not significant. Conversely, the diurnal
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Fig 2. Diurnal variations of NEE in different ecosystems.

doi:10.1371/journal.pone.0120660.g002
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variations of NEE were significant in the vegetable field, orchard, maize cropland, and wetland
ecosystems. There was an extremely small CO, flux in the sandy desert, desert steppe and Gobi
ecosystems; the maximum net CO, absorptions were 0.081, 0.036, 0.038 mg C02~m_2~s_1, re-
spectively. Carbon absorption during the daytime was similar in desert steppe and Gobi, but
the nighttime carbon emission was higher in the desert steppe than in the Gobi. This is because
the Gobi surface contains more gravel than the desert steppe, resulting in relatively low soil
respiration at night. There was a relatively large fluctuation in the maize cropland, orchard,
wetland and vegetable field ecosystems; the minimum values were —1.15, —0.71, —0.64 and
~0.46 mg CO,'m s, respectively. The peak CO, uptake for the maize cropland was approxi-
mately 1.6 times the value observed in the orchard, 1.8 times the wetland value and 2.5 times
the vegetable field value.

Daily variation in GPP, R.c, and NEE

Values of NEE, R,.,, and GPP for different ecosystems over the observation period are shown
in Fig. 3. Because sparse and drought-tolerant vegetation dominate the sandy desert, desert
steppe and Gobi ecosystems, the values of NEE, GPP, and R,, were much lower in these eco-
systems than in other ecosystems. Meanwhile, daily NEE, GPP, and R, variations were not ev-
ident. However, there were significant daily variations in NEE, GPP, and R,,, in the vegetable
field, orchard, maize cropland, and wetland ecosystems, which are closely related to the growth
and phenology of the vegetation.

The minimum daily NEE values were —3.11, —2.40, and —-3.82 g CO,-m>-d"" in the desert
steppe, Gobi and sandy desert ecosystems, respectively, and occurred in July in these three eco-
systems (Table 1). The maximum values of R, were 2.90, 1.14, and 3.37 g CO,-m2.d™', while

vegetable field | wetland
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Fig 3. Daily variations in NEE, R.., and GPP in different ecosystems.
doi:10.1371/journal.pone.0120660.g003
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Table 1. Maximum GPP, R.,, and Minimum NEE for different ecosystems during the observation period (June 10—September 14, and, in wetland,

June 26—September 14).

Sites Vegetable field Orchard Maize Wetland Gobi Sandy desert Desert steppe
Minimum NEE (g CO,-m=2.d™") -19.2 -28.4 -45.3 -26.8 2.4 -3.82 -3.11
Maximum Rego (g COom=2.d™") 28.7 323 27.5 19.4 1.14 3.37 2.9

Maximum GPP (g CO,-m=2.d™") 41.8 59.8 70.8 41.7 3.41 5.68 5.41

doi:10.1371/journal.pone.0120660.t001

the maximum values of GPP were 5.41, 3.41, and 5.68 g CO,-m>-d"" in the desert steppe, Gobi
and sandy desert ecosystems, respectively (Table 1). The total NEE, R,, and GPP during the
observation period in the desert steppe, Gobi and sandy desert ecosystems are shown in

Table 2. The total NEE were —67.9, —129.6 and —17.8 g CO,-m” in the Gobi, sandy desert and
desert steppe, respectively. Thus, these three ecosystems acted as carbon sinks during the obser-
vation period. The GPP/R,,, ratio in these three ecosystems is greater than 1 (Table 2), which
also illustrates their carbon sink nature. These results are consistent with previous studies be-
cause many studies also found that the desert ecosystem is a carbon sink and the value of total
NEE in our study is within the observed range from previous studies. For example, Liu et al.
[29] found that the saline desert ecosystem in western China was a significant carbon sink and
the values of NEE were —236.2 g CO,'m 2, —63.1 g CO,-m 2, and —92.0 g CO,'m "> during the
growing seasons of 2004, 2005, and 2006 respectively. Wohlfahrt et al. [30] measured the Mo-
jave Desert ecosystem in the USA and found that it was a CO, sink, taking up 102+67 and
110470 g C-m ™ in 2005 and 2006, respectively.

In comparison, the fluctuations of NEE in the maize cropland, orchard, wetland, and vegeta-
ble field ecosystems were large during the observation period (Fig. 3). On rainy days, the eco-
systems become sources of CO, because the NEE is primarily composed of soil and plant
respiration (Fig. 3). The NEE values were negative throughout the observation period in the

Table 2. Total GPP, R.,, and NEE for different ecosystems during the observation period (June 10—September 14, and, in wetland, June

26—September 14)

sites Month/Stage Fitting equation R? Q10
Vegetable field June Reco = 0.0619exp(0.047*T) 0.119 2.05
July Reco = 0.113exp(0.0336*T) 0.083 1.40
August Reco = 0.0733exp(0.0548*T) 0.206 1.73
September Reco = 0.0697exp(0.0498*T) 0.265 1.65
Orchard June Reco = 0.0841exp(0.0571*T) 0.235 1.77
July Reco = 0.0987exp(0.0552*T) 0.210 1.74
August Reoco = 0.1014exp(0.0451*T) 0.234 1.57
September Reco = 0.1287exp(0.0323*T) 0.375 1.38
Wetland July Reco = 0.0741exp(0.0402*T) 0.132 1.49
August Reco = 0.0605exp(0.0437*T) 0.175 1.55
September Reco = 0.048exp(0.0404*T) 0.305 1.50
Desert steppe June-September Reco = 0.0028exp(0.0235*T) 0.009 1.26
Gobi June-September Reco = 0.0026exp(0.043*T) 0.021 1.54
Sandy Desert June-September Reco = 0.0036exp(0.00572*T) 0.021 1.77
Maize cropland seedling stage Reco = 0.0316exp(0.0718*T) 0.312 2.05
jointing stage Reco = 0.1229exp(0.0392*T) 0.126 1.48
filling stage Reco = 0.1055exp(0.056*T) 0.512 1.75
mature stage Reco = 0.1052exp(0.0407*T) 0.293 1.50
doi:10.1371/journal.pone.0120660.t002
PLOS ONE | DOI:10.1371/journal.pone.0120660 March 24, 2015 8/16
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Table 3. The relationship between nighttime ecosystem respiration and air temperature for different ecosystems.

sites Month/Stage Fitting equation R2 Qqo
Vegetable field June Reco = 0.0619exp(0.047%T) 0.119 2.05
July Reco = 0.113exp(0.0336*T) 0.083 1.40
August Reco = 0.0733exp(0.0548*T) 0.206 1.73
September Reco = 0.0697exp(0.0498*T) 0.265 1.65
Orchard June Reco = 0.0841exp(0.0571*T) 0.235 1.77
July Reco = 0.0987exp(0.0552*T) 0.210 1.74
August Reco = 0.1014exp(0.0451*T) 0.234 1.57
September Reco = 0.1287exp(0.0323*T) 0.375 1.38
Wetland July Reco = 0.0741exp(0.0402%T) 0.132 1.49
August Reco = 0.0605exp(0.0437*T) 0.175 1.55
September Reco = 0.048exp(0.0404*T) 0.305 1.50
Desert steppe June-September Reco = 0.0028exp(0.0235*T) 0.009 1.26
Gobi June-September Reco = 0.0026exp(0.043*T) 0.021 1.54
Sandy Desert June-September Reco = 0.0036exp(0.00572*T) 0.021 1.77
Maize cropland seedling stage Reco = 0.0316exp(0.0718*T) 0.312 2.05
jointing stage Reco = 0.1229exp(0.0392*T) 0.126 1.48
filling stage Reco = 0.1055exp(0.056*T) 0.512 1.75
mature stage Reco = 0.1052exp(0.0407*T) 0.293 1.50

doi:10.1371/journal.pone.0120660.t003

orchard, maize cropland and wetland ecosystems. However, at the beginning of the observa-
tion, NEE was positive in vegetable field, but gradually decreased and became slightly negative
by the end of June. This is likely explained by the fact that the chilies in the vegetable field had
been recently transplanted and grew very slowly at the beginning of our observation. The mini-
mum daily NEE was observed in July, at which point the values were —45.3, —28.4, —26.8 and
-192¢ CO,-m™2-d™" in the maize cropland, orchard, wetland and vegetable field ecosystems,
respectively (Table 1). The maximum GPP values were 70.8, 59.8, 41.7, 41.8 g CO,-m ™ >-d ™"
and the maximum R,,, values were 27.5, 32.3, 19.4, 28.7 g CO,-m >-d"" in the maize cropland,
orchard, wetland and vegetable field ecosystems, respectively (Table 1). The total NEE, R, and
GPP for the maize cropland, orchard, wetland, and vegetable field ecosystems throughout the
entire observation period are shown in Table 2. During the observation period, the GPP/R,,
ratios were higher than 1 (Table 2), which implies that NEE is dominated by GPP and that PAR
is a dominant factor controlling NEE. During the observation period, the total NEE for the
maize cropland, orchard, wetland and vegetable field were —2342.6, —1050.3, —1085.1, and
~468.1 g CO,-m?, respectively (Table 2). Obviously, these ecosystems are characterized by CO,
sinks. The carbon absorption capacities of various ecosystems are significantly different. The
integrated order of the carbon absorption capacity in each ecosystem is: maize

cropland > wetland > orchard > vegetable field> sandy desert>> Gobi> desert steppe.

The maximum net CO, uptake reported from our site was compared with other ecosystems.
There are major differences regarding the daily maximum net CO, uptake among different crops.
In our study, CO, uptake in the maize cropland was slight greater than 38.47 g CO,-m™>-d™", the
value measured in an oasis field maize ecosystem in Xinjiang by Zhao [31], and was similar
to the uptake in a maize ecosystem in the North China Plain (45.8 g CO,-m >-d™") [32]. How-
ever, the value observed in this study is lower than that obtained by Baker and Griffis [33] in a
maize/soybean ecosystem in the USA (51.3 g CO,-m 2-d™") and is also lower than the value
(67.8 g CO,-m™>-d™") measured by Hollinger in a maize and soybean rotation agriculture
ecosystem in the USA [34]. Precipitation may be one of the reasons for the carbon uptake
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difference. The annual mean precipitation of the two sites in the USA is more than 570 mm,
which is significantly higher than in our studied area. Meanwhile, different maize species and
tillage practices may also result in differences in the CO, flux.

There is less research being conducted regarding CO, flux in vegetable fields. The net CO,
uptake in the vegetable field is higher than in wheat (15.62 g CO,-m™>-d™") and cotton ecosys-
tems (8.96 g CO,-m>-d™") in Xinjiang according to Zhao [31], but lower than in the wheat eco-
system (30.0 g CO,-m~2-d™}) in the North China Plain [32]. The daily maximum net CO,
uptake in the apple orchard in our study is similar to that from a vineyard ecosystem (28.9 g
CO,-m 2-d™") in northwestern China [35]. However, the value is higher than in a broad-leaved
Korean pine forest (22.3 g CO,-m 2-d™") and a Dahurian larch forest (15.8 g CO,m>2d Y in
northeast China [36]. This is because the environmental conditions in artificial ecosystems are
better than those in a natural ecosystem.

The daily maximum net CO, absorption in the wetland was higher than 14.3 g CO,-m >-d™"
measured in an alpine wetland ecosystem on the Qinghai-Tibetan Plateau [37]. The value is
within the observed range from wetlands on Chongming Island of Shanghai (18.3 g CO,-m >d '~
440¢ CO,m™2-d ™) [38]. During the observation period, the wetland was a strong CO, sink,
and the total NEE was —1085.1 g CO,-m ™2 Liao et al. [39] reported that the carbon absorption
capacities of Spartina alterniflora, Phragmites australis, and Scirpus mariqueter were 5096, 3410
and 770 g CO,-yr ', respectively. Clearly, the CO, absorption capacity of Phragmites australis is
very high.

Response of Rec, to temperature

The exponential function given in Eq. 2 is used to describe the relationship between R,., and
air temperature. Table 3 shows the relationship between nighttime R,, and air temperature in
the various ecosystems. Overall, nighttime R,, increases exponentially with the air tempera-
ture. The relationship between R,, and the air temperature varies across ecosystems and
month-to-month (i.e., growth stages) in an ecosystem. Overall, the values of the coefficient of
determination (R*) were not high in all of the ecosystems. This is caused by the uncertainties in
the measured nighttime CO, fluxes. The nighttime CO, flux data are not very effective or reli-
able because of the low turbulence and stable atmospheric stratification [20, 21]. Compared to
other ecosystems, the R* values were lower in sandy desert, desert steppe, and Gobi ecosystems.
There was little variations of the nighttime R, because commonly few vegetation living in
these ecosystems and also because of the low moisture and organic content. In addition the
night temperature changed rapidly in large gradient. All the above reasons are coupled to prop-
erly explain why the fitting of R, and temperature is not satisfactory occasionally. For the veg-
etable field, orchard and wetland ecosystems, the results fit best in September and most poorly
in July. For the maize cropland, the best fit occurred during the filling stage and the poorest fit
occurred during jointing. This shows that the effect of temperature on R,, in the strong growth
month or stage is higher than other months or stages.

The temperature sensitivities of the ecosystem (Q,) also have different values. Using Eq. 3,
the Q¢ values were estimated to be 1.26, 1.54, and 1.77 in the desert steppe, Gobi, and sandy
desert ecosystems, respectively, during the observation period. The Q;( value ranged from 1.40
to 2.05 for the vegetable field, 1.38 to 1.77 for the orchard, 1.49 to 1.55 for the wetland and 1.48
to 2.05 for the maize cropland ecosystem. These values are similar to the Qo value (1.5) based
on air temperature at a global scale (excluding the wetlands) [40]. High Q,, values are observed
in June for the vegetable field and orchard and in August for the wetland. Low Q;, values oc-
curred in July for the vegetable field and wetland and in September for the orchard. For the
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maize cropland, high Q;, values were observed in the seedling stage, and low Q; values in the
jointing stage.

Thus, responses of R, to the environment vary depending on the ecosystems [41-43]. R,
is regulated by numerous components, such as the respiration in the stem [44, 45], branch
[46], root [47, 48] and foliage [46], microorganisms [49], decomposition of litter [50, 51], soil
organic carbon [47, 48] and coarse wood debris [52]. Most researchers divide R,, into respira-
tion from the vegetation and from the soil [32, 53]. Given the low vegetation coverage in the
desert, desert steppe and Gobi ecosystems, soil respiration dominated these ecosystems’ respi-
ration. When vegetation coverage is relatively low in June (or the seedling stage), soil respira-
tion plays an important role in R, and leads to high Q,, values. Low Q,, values occur in July
and during the jointing stage when vegetation grows vigorously, which increases the propor-
tion of R,,, derived from vegetation. In the orchard ecosystem, little change was observed in
the apple trees during the observation period, and low Q; values occurred in September with
the apple harvest.

Response of NEE to PAR

PAR is the most important factor for regulating daytime ecosystem CO, exchanges during the
growing season [53]. We used Eq. 4 to describe daytime NEE in response to PAR. The data
were analyzed by month in the orchard, wetland, and vegetable field ecosystems and by growth
stage in the maize cropland.

Fig. 4 shows the relationship between daytime NEE and PAR in the vegetable field, orchard,
wetland and maize cropland ecosystems. This figure shows that the CO, flux gradually de-
creases with increases in PAR. Furthermore, the CO, flux decreases linearly with low solar radi-
ation (PAR<500 pmol-m *-s™") in all months or growth stages in all ecosystems; the rate of
decrease gradually decreases until the CO, flux stabilizes. The light saturation point varies with
different vegetation. When PAR is greater than 1000 umol-m *-s~", the CO, flux became more
stable in the vegetable field and wetland ecosystems. The PAR value was greater than
1600 umol-m2-s™" and the carbon absorption rate remained stable in the orchard. However, as
PAR values increased toward their maximum of 2000 pmol~m_2~s_1, carbon assimilation con-
tinued to increase in the maize cropland.
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Fig 4. Response of NEE to PAR in different ecosystems.

doi:10.1371/journal.pone.0120660.9g004
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Table 4. Seasonal dynamics of light-response parameters for different ecosystems.

sites Month/Stage Prax Km Reco a R?
Vegetable field June 0.337 156 0.219 0.0022 0.319
July 0.991 450 0.223 0.0022 0.497
August 0.975 402 0.188 0.0024 0.636
September 0.685 675 0.134 0.0010 0.662
Orchard June 1.171 694 0.160 0.0017 0.580
July 1.580 348 0.439 0.0046 0.484
August 1.456 540 0.369 0.0027 0.619
September 0.977 604 0.189 0.0016 0.694
Wetland July 1.282 418 0.062 0.0031 0.613
August 0.877 403 0.038 0.0022 0.600
September 0.935 1093 0.047 0.0009 0.644
Maize cropland 1 2.013 2055 0.124 0.0010 0.680
2 2.725 1220 0.202 0.0022 0.708
3 3.075 1509 0.168 0.0020 0.696
4 3.153 2822 0.110 0.0011 0.671

1, 2, 3, and 4 represent the seedling stage, jointing stage, filling stage, and mature stage, respectively. The units of Py, Km, Reco and a are mg
CO,m2:57", pmol-m™2.s7", mg CO,-m™2s~", mg CO,- umol™", respectively.

doi:10.1371/journal.pone.0120660.t004

Table 4 shows the daily variation of the light response parameters o, P,,,,, and R, in dif-
ferent ecosystems. In general, the seasonal patterns of these parameters closely followed the
vegetation phenology. Additionally, there were some differences between the light response pa-
rameters of the different species. Previous studies found that P,,,,, first increased and then de-
creased following the processes of crop growth, development and senescence [32]. We find
similar results in our experiment. During the observation period, P,,,, shows seasonal trends
in parallel with the vegetable growth. The value increased with the growth of leaves and
reached a maximum in July; it then began to decrease as fruit ripening or foliage turned brown
in the vegetable field, wetland, and orchard ecosystems. However, P,,,,, continuously increased
during the observation period in the maize cropland. This is because the maize was in the
growth stage during the entire observation period. The P,,,,, values ranged from 0.337 to
0.991 mg CO,-m>:s™" for the vegetable field; 0.977 to 1.584 mg CO,-m s~ for the orchard;
0.877 to 1.282 mg CO,-m ™ 2:s™" in the wetland; and 1.121 to 4.357 mg CO,-m *-s”" in the
maize ecosystem (Table 4). These results clearly demonstrate that the peak P,,,,, varies across
ecosystems. The peak P,,,, was highest in maize cropland, followed in decreasing order by the
orchard, wetland, and vegetable field ecosystems.

The apparent quantum yield (o), calculated via Eq. 5, is a basic parameter of photosynthetic
CO, absorption, light utilization and material productivity. In general, the o value changes
with the growth stage for all vegetation types, and a higher o value is presented during the
months or stages in which plants grow rapidly. During the observation period, o first increased,
reached a maximum in July or August for all vegetation types, and then decreased.

The o reported from our site is comparable to that found in other studies. The a value for
the vegetable field ranged from approximately 0.0010 to 0.0024 mg CO,-umol " and is similar
to the value for dry croplands, which is between approximately 0.0009 and 0.0022 mg
C02~pmol_1 [54]. Flanagan et al. [55] reported o. for a beech forest ranging from 0.0009 to
0.0013 mg CO,-umol'; this value is lower than that reported for the orchard in this study. Ad-
equate water and fertilizer conditions may have led to the high o value. Zhao et al. [37] found
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the o value of an alpine wetland to be 0.0056 umol-m s and 0.0082 umol-m™>-s™" in July
and August, respectively. The value of the o of the wetland in this study is significantly higher
than the value of the alpine wetland reported by Zhao et al., which could be due to the differ-
ence in hydrothermal conditions. The annual mean air temperature recorded at the alpine wet-
land (-1.7°C) is lower than in our study. Regarding the maize cropland ecosystem, the o value
ranged from 0.0010 to 0.0022 mg CO,'m ™ >s~" and is similar to the value reported in previous
studies. Suyker et al. [25] reported an o value of maize ranging from 0.02 to 0.04 ymol-m™>-s™"
(0.0009-0.0018 mg CO,-m ™ >:s™"). Lei & Yang [53] reported a value of approximately

0.005 pmol-m s (0.0002 mg CO,-m™>-s™") during the early growth stage and

0.065 pmol-m>-s~'(0.0029 mg CO,-m™>-s™") during the rapid growth stage for maize.

The variation in R,,, is similar to the variation in o. R, gradually increased and reached a
maximum in July and then began to decrease in vegetable field, wetland, and orchard ecosys-
tems in parallel with the temperature. For the maize cropland, the maximum R,, was reached
during the jointing stage. At this stage, the temperature is at its highest and maize is in its vigor-
ous growth stage. The temperature is an important factor for R,.,, and R,,, increases with tem-
perature [53]. The pattern of R,,, is similar to the daytime R, derived from the light-
response curve.

The R* between NEE and PAR are significant in the main growth season of the vegetable
field, orchard, wetland and maize cropland (Table 4). This means that the PAR and NEE fit
well. The lowest R* was 0.319 in June in the vegetable field. The transplanted vegetation were
very small in June, and the site was nearly a bare field; also, the utilization of light was very low.
These facts caused the poor fit in June in the vegetable field. In other ecosystems, the R* values
were high, especially in the maize cropland, which had a R? greater than 0.670 for the entire
growth stage.

Conclusions

The CO, flux in various ecosystems in the Zhangye oasis area were measured between June
and September 2012 using the EC technique. The results demonstrate that:

(1) Diurnal variations in the CO, flux exhibit some differences across ecosystems. Gobi,
sandy desert, and desert steppe ecosystems have smaller amplitude CO, flux values com-
pared to the other ecosystems due to their lower vegetation coverage. The values of NEE are
close to zero; however, CO, absorption is observed in the daytime. The diurnal variations in
the CO, flux are obvious in the wetland, vegetable field, orchard, and maize cropland eco-
systems. Due to the differences in carbon absorption capacities, the amplitudes of carbon
are significantly different among the different vegetation types.

(2) The daily distributions of NEE, GPP and R, of Gobi, sandy desert and desert steppe
ecosystems are similar, and there are significant daily variations in the vegetable field, or-
chard, wetland, and maize cropland ecosystems, that are closely related to the vegetation de-
velopment and phenology. The values of NEE, GPP, and R,,, fluctuated around zero in the
Gobi, sandy desert and desert steppe. Additionally, during the observation period, GPP,
NEE, and R, have only one peak period in the vegetable field, orchard, and wetland and
maize cropland ecosystems. In short, all of the ecosystems acted as a carbon sink during the
observation period. The integrated carbon absorption capacity is as follows: maize

cropland > wetland > orchard > vegetable field> sandy desert>> Gobi> desert steppe.

(3) Using exponential curve fitting, we demonstrated that nighttime respiration increases
exponentially with temperature in some ecosystems, and the results varied both across eco-
systems and month-to-month within a given ecosystem. In addition, high Q;, values
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appeared in June or seedling stage when vegetation coverage was relatively low, and low Q;
values occurred in July or jointing stage when plants grew vigorously.

(4) PAR is the most important factor for regulating daytime ecosystem CO, exchange in the
vegetable field, orchard, wetland, and maize cropland ecosystems. The responses of different
ecosystems to PAR are not the same. Overall, PAR is the dominant factor for controlling
photosynthesis under low solar radiation, and the CO, assimilation rate increases slowly in
the presence of high solar radiation. The light saturation point was approximately

1000 umol-m2:s~" for the vegetable field and wetland ecosystems, 1600 umol-m >:s~" for
the orchard, and more than 2000 p.mol~m_2~s;_1 for the maize cropland. Seasonal variations
in the light response parameters, o, P,,,, and R,.,, in different ecosystems closely follow veg-
etation phenology. In general, the values changed with the growth stage for all of the vegeta-
tion types, and higher values occurred during months or stages with rapid growth.

Supporting Information

S1 Data. All the metadata in our study.
(XLSX)

Author Contributions

Conceived and designed the experiments: ZWX. Performed the experiments: LZ RS ZWX CQ.
Analyzed the data: LZ. Contributed reagents/materials/analysis tools: GQJ. Wrote the paper:

LZRS.
References

1. Lieth H, Whittaker RH. Primary Productivity of the Biosphere. New York: Springer-Verlag Press; 1975.

2. Friend AD, Stevens AK, Knox RG. A process-based, terrestrial biosphere model of ecosystem dynam-
ics (Hybrid v3.0). Ecol Model. 1997; 95: 249-287.

3. Wang Z, Xiao XM, Yan XD. Modeling gross primary production of maize cropland and degraded grass-
land in northeastern China. Agr Forest Meteorol. 2010; 150: 1160-1167.

4. Soegaard H, Jensen NO, Boegh E, Hasager CB, Schelde K, Thomsen A. Carbon dioxide exchange
over agricultural landscape using eddy correlation and footprint modelling. Agr Forest Meteorol. 2003;
114:153-173.

5. LiuH, TuG, Fu C. Three-year variations of water, energy and CO, fluxes of cropland and degraded
grassland surfaces in a semi-arid area of Northeastern China. Adv Atmos Sci. 2008; 25: 1009-1020.

6. BaldocchiD, Falge E, Gu LH, Olson R, Hollinger D, Running S, et al. FLUXNET: a new tool to study the
temporal and spatial variability of ecosystem-scale carbon dioxide, water vapor and energy flux densi-
ties. B Am Meteorol Soc. 2001; 82:2415-2434.

7. Elmar M, Veenendaal O. Seasonal variation in energy fluxes and carbon dioxide exchange for a broad-
leaved semi-arid savanna (Mopane woodland) in Southern Africa. Global Change Biol. 2004; 10: 318—
328.

8. Goodrich DC, Chehbouni A, Goff B, MacNish B, Maddock T, Moran S, et al. Preface paper to the semi-
arid land-surface-atmosphere (SALSA) program special issue. Agr Forest Meteorol. 2000; 105: 3—20.

9. LiZQ, YuGR, Xiao XM, Li YN, Zhan XQ, Ren CY, et al. Modeling gross primary production of alpine
ecosystems in the Tibetan Plateau using MODIS images and climate data. Remote Sens Environ.
2007; 107:510-519.

10. KosugiY, Takanashi S, Ohkubo S, Matsuo N, Tani M, Mitani T, et al. CO, exchange of a tropical rainfor-
est at Pasoh in Peninsular Malaysia. Agr Forest Meteorol. 2008; 148: 439-452.

11.  FuCB, Wen G. Several issues on aridification in the northern China (in Chinese). Clima Environ Res.
2002; 7:22-29.

12. LauraF, Huenneke J. Desertification alters patterns of aboveground net primary production in Chihua-

huan ecosystems. Global Change Biol. 2002; 8: 247-264.

PLOS ONE | DOI:10.1371/journal.pone.0120660

March 24, 2015 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120660.s001

@’PLOS | ONE

Diurnal and Seasonal Variations in Carbon Flux in Ecosystems

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li X, Cheng GD, Liu SM, Ma MG, Jin R, Che T, et al. Heihe Watershed Allied Telemetry Experimental
Research (HIWATER): Scientific Objectives and Experimental Design. B Am Meteorol Soc. 2013; 94:
1145-1160.

Li MJ, Shi PL. Climate changing characteristics of Zhangye city in Heihe river basin during 1968-2005
(in Chinese). J desert res. 2007; 27: 1048-1054.

Wilczak JM, Oncley SP, Stage SA. Sonic anemometer tilt correction algorithms. Bound- Lay Meteorol.
2001; 99: 127-150.

Xu ZW, Liu SM, Li X, Shi SJ, Wang JM, Zhu ZL, et al. Intercomparison of surface energy flux measure-
ment systems used during the HHWATER-MUSOEXE. J Geophys Res. 2013; 118: 13140-13157.

Liu SM, Xu ZW, Wang WZ, Jia ZZ, Zhu MJ, Bai J, et al. A comparison of eddy-covariance and large ap-
erture scintillometer measurements with respect to the energy balance closure problem. Hydrol Earth
Syst Sci. 2011; 15:1291-1306.

Liu SM, Xu ZW, Zhu ZL, Jia ZZ, Zhu MJ. Measurements of evapotranspiration from eddy-covariance
systems and large aperture scintillometers in the Hai River Basin, China. J Hydrol. 2013; 487: 24-38.

Falge E, Baldocchi DD, Olson R. Gap filling strategies for defensible annual sums of net ecosystem ex-
change. Agr Forest Meteorol. 2001; 107: 43—-69.

Zhu ZL, Sun XM, Wen XF, Zhou YL, Tian J, Yuan GF. Study on the processing method of nighttime
CO, eddy covariance flux data in ChinaFLUX. Sci China Ser D. 2006; 49: 36—46.

Papale D, Reichstein M, Aubinet M, Canfora E, Bernhofer C. Towards a standardized processing of net
ecosystem exchange measured with eddy covariance technique: Algorithms and uncertainty estima-
tion. Biogeosciences. 2006; 3: 571-583.

Suyker AE, Verma SB. Year-round observations of the net ecosystem exchange of carbon dioxide in a
native tallgrass prairie. Global Change Biol. 2001; 7: 279-289.

Lloyd J, Taylor JA. On the temperature dependence of soil respiration. Funct ecol. 1994; 8: 315-323.

Gilmanov TG, Verma SB, Sims PL, Meyers TP, Bradford JA, Burba GG, et al. Gross primary production
and light response parameters of four Southern Plains ecosystems estimated using long-term CO,-flux
tower measurements. Global Biogeochem Cy. 2003; 17: 1071, doi: doi: 10. 1029/2002GB002023

Suyker AE, Verma SB, Burba GG, Arkebauer TJ. Growing season carbon dioxide exchange in irrigated
and rainfed maize. Agr Forest Meteorol. 2004; 124: 1-13.

Xu L, Baldocchi DD. Seasonal variation in carbon dioxide exchange over a Mediterranean annual
grassland in California. Agr Forest Meteorol. 2004; 123: 79-96.

Hollinger DY, Goltz SM, Davidson EA, Lee JT, Tu K, Valentine HT. Seasonal patterns and environmen-
tal control of carbon dioxide and water vapor exchange in an ecotonal boreal forest. Global Change
Biol. 1999; 5: 891-902.

Law BE, Falge E, Gu L, Baldocchi DD, Bakwin P, Wofsy S. Environmental controls over carbon dioxide
and water vapor exchange of terrestrial vegetation. Agr Forest Meteorol. 2002; 113: 97-120.

LiuR, LiY, Wang QX, Xu H, Zhang XJ. Seasonal and annual variations of carbon dioxide fluxes in des-
ert ecosystem (in Chinese). J desert Res. 2011; 31: 108-114.

Wohlfahrt G, Fenstermaker LF, Arnone JA. Large annual net ecosystem CO, uptake of a Mojave Des-
ert ecosystem. Global Change Biol. 2008; 14: 1475-1487.

Zhao CY. Study on soil respiration and soil carbon cycle of different terrestrial ecosystem (in Chinese).
Chinese Academy of Agricultural Sciences. 2004. Available: http://cdmd.cnki.com.cn/Article/CDMD-
82101-2007156050.htm.

LiJ, YuQ, Sun XM, Tong XJ, Ren CY, Wang J, et al. Carbon dioxide exchange and the mechanism of
environmental control in a farmland ecosystem in North China plain. Sci China Ser D, 49(Suppl. Il).
2006; 226—240.

Baker JM, Griffis TJ. Examining strategies to improve the carbon balance of corn/soybean agriculture
using eddy covariance and mass balance techniques. Agr Forest Meteorol. 2005; 128: 163-177.

Hollinger SE, Bernacchi CJ, Meyers TP. Carbon budget of mature no-till ecosystem in North Central
Region of the United States. Agr Forest Meteorol. 2005; 130: 59-69.

Guo WH. Research on variation of vineyard’s carbon/water fluxes and modeling the exchange of car-
bon flux in arid northwestern china (in Chinese). Northwest A&F University. 2010. Available: http://
cdmd.cnki.com.cn/Article/CDMD-10019-1014221277.htm.

Wang Y, Zhou GS, Jia BR, Li S, Wang SH. Comparisons of carbon flux and its controls between broad-
leaved Korean pine forest and Dahurian larch forest in northeast China (in Chinese). Acta Ecologica
Sinica. 2010; 30: 4376—4388.

Zhaol, LiJ, Xu'S, ZhouH, LiY, Gu S, et al. Seasonal variations in carbon dioxide exchange in an al-
pine wetland meadow on the Qinghai-Tibetan Plateau. Biogeosciences. 2010; 7: 1207-1221.

PLOS ONE | DOI:10.1371/journal.pone.0120660 March 24, 2015 15/16


http://dx.doi.org/10. 1029/2002GB002023
http://cdmd.cnki.com.cn/Article/CDMD-82101-2007156050.htm
http://cdmd.cnki.com.cn/Article/CDMD-82101-2007156050.htm
http://cdmd.cnki.com.cn/Article/CDMD-10019-1014221277.htm
http://cdmd.cnki.com.cn/Article/CDMD-10019-1014221277.htm

@’PLOS | ONE

Diurnal and Seasonal Variations in Carbon Flux in Ecosystems

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Guo HQ. Carbon fluxes over an estuarine wetland: In Situ measurement and modeling (in Chinese).
Fudan University. 2010. Available: http://cdmd.cnki.com.cn/Article/CDMD-10246-2010194463.htm.

Liao CZ, Luo YQ, Jiang LF, Zhou XH, Wu XW, Fang CM, et al. Invasion of Spartina alterniflora en-
hanced ecosystem carbon and nitrogen stocks in the Yangtze Estuary, China. Ecosystems. 2007; 10:
1351-1361.

Raich JW, Potter CS. Global pattern of carbon dioxide emission from soil. Global Biogeochem Cy.
1995; 9: 23-36.

Bond-Lamberty B, Wang C, Gower ST. A global relationship between the heterotrophic and autotrophic
components of soil respiration? Global Change Biol. 2004; 10: 1756-1766.

Subke JA, Inglima |, Cotrufo MF. Trends and methodological in soil CO2 efflux partitioning: a metaana-
lytical review. Global Change Biol. 2006; 12:921-943.

Trumbore S. Carbon respired by terrestrial ecosystems recent progress and challenges. Global
Change Biol. 2006; 12: 141-153.

Liang N, Fujinuma Y, Inoue G. Measurement of wood CO,, efflux using a multichannel automated
chamber system. Phyton. 2005; 45: 109—-115.

Miyama T, Kominami Y, Tamai K, Goto T, Kawahara T, Jomura M, et al. Components and seasonal
variation of night-time total ecosystem respiration in a Japanese broad-leaved secondary forest. Tellus.
2006; 58: 550-559.

Miyama T, Kominami Y, Tamai K, Nobuhiro T, Goto Y. Automated foliage chamber method for long-
term measurement of CO, flux in the uppermost canopy. Tellus. 2003; 55: 322—-330.

Lee MS, Nakane K, Nakatsubo T, Koizumi H. Seasonal changes in the contribution of root respiration
in a cool-temperate deciduous forest. Plant Soil. 2003; 255: 311-318.

Dannoura M, Kominami Y, Tamai K, Jomura M, Miyama T, Goto Y, et al. Development of an automatic
chamber system for long-term measurements of CO, flux from roots. Tellus. 2006; 50: 502-512.

Uchida M, Mo W, Nakatsubo T, Tsuchiya Y, Horikoshi T, Koizumi H. Microbial activity and litter decom-
position under snow cover in a cool-temperate broad-leaved deciduous forest. Agr Forest Meteorol.
2005; 134:102-109.

Kim H, Hirano T, Koike T, Urano SI. Contribution of litter CO, production to total soil respiration in two
different deciduous forests. Phyton. 2005; 45: 385-388.

Kim H, Hirano T, Urano SI. Seasonal variation in CO, production of leaf liter from different deciduous
forests at the early decomposition stage. J Agr Meteorol. 2005; 61: 95-104.

Jomura M, Kominami Y, Tamai K, Miyama T, Goto Y, Dannoura M, et al. The carbon budget of coarse
woody debris in a temperate broad-leaved secondary forest in Japan. Tellus. 2007; 59: 211-222.

Lei HM, Yang DW. Seasonal and interannual variations in carbon dioxide exchange over a cropland in
the North China Plain. Global Change Biol. 2010; 16: 2944-2957. doi: 10.1091/mbc.E10-05-0421
PMID: 20573978

Pilegaard K, Hummelshgj P, Jensen NO, Chen Z. Two years of continuous CO, eddy-flux measure-
ments over a Danish beech forest. Agr Forest Meteorol. 2001; 107:29—41.

Flanagan LB, Wever LA, Carson PJ. Seasonal and interannual variation in carbon dioxide exchange
and carbon balance in a northern temperate grassland. Global Change Biol. 2002; 8: 599-615.

PLOS ONE | DOI:10.1371/journal.pone.0120660 March 24, 2015 16/16


http://cdmd.cnki.com.cn/Article/CDMD-10246-2010194463.htm
http://dx.doi.org/10.1091/mbc.E10-05-0421
http://www.ncbi.nlm.nih.gov/pubmed/20573978


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


